ABSTRACT: Knowledge of patterns and sources of variation in adult reproduction and juvenile recruitment is essential for understanding the dynamics of populations and their capacity to recover from disturbances. In-depth knowledge of this kind is lacking for many species of seagrass. Here we examined the degree to which temporal and spatial variation in seedling density in the surfgrass Phyllospadix torreyi was explained by the local production and deposition of seeds. We did this by measuring floral density, seed production, seed supply and seedling recruitment at 5 sites near Santa Barbara, California, USA, over a 4 yr period. We found that the local density of dehisced female spadices explained nearly 41% of the variation in the number of seeds caught in seed traps. Large seed crops were common in the absence of nearby males and noticeable numbers of seeds were periodically caught in traps when female flowers were locally rare or absent, suggesting that pollen and seed dispersal occasionally occurred over distances greater than the scale of our study sites (i.e. > 50 m). Overall, the summer densities of female spadices at a site explained > 60% of the variation in the density of seedlings that recruited to the site the following winter. Deviations from positive associations among surfgrass flowers, seeds and seedlings appeared to reflect interannual variability in environmental conditions. Most notable was the coincidence of universally low fruit production and seedling recruitment during the 1997-1998 El Niño event. Seedling density varied independently of rates of seed deposition when all years were examined, but was highly dependent on rates of seed supply when the seedling data from the 1998 El Niño winter were omitted from the analysis. Collectively, our observations demonstrated significant coupling between adult reproduction and local recruitment in surfgrass that was interrupted by adverse growing conditions associated with the 1997-1998 El Niño.
INTRODUCTION
Most studies investigating the relationship between adult fecundity and juvenile recruitment in marine systems have focused on the causes of variation in propagule dispersal and mortality (Caley et al. 1996) . Much less is known about the degree to which variation in adult fecundity determines the arrival of dispersive propagules or the recruitment of juveniles (Robertson 1991 , Reed et al. 1997 . This latter issue is of particular importance because widespread changes in oceanographic conditions arising from aperiodic shifts in climate such as those associated with El Niño-Southern Oscillation events have the potential to greatly influence the coupling between adult standing stocks and successful recruitment of young (Dayton & Tegner 1989) . However, the spatial and temporal scales over which adult stocks and juvenile recruitment are coupled are unknown for most marine species (Hughes et al. 2000) .
Seagrasses provide a relatively unique system to examine the links between adult fecundity and juvenile recruitment, as they are a marine taxon with flowering and fruiting characteristics typical of land plants. They occur in dense aggregations in shallow coastal habitats worldwide (den Hartog 1970 , Phillips & Menez 1988 and provide important ecological functions in the areas in which they occur (reviewed in Larkum et al. 2006) . Despite their long evolutionary history, seagrass populations are now challenged with rapid environmental changes as a result of coastal human population pressures (Short & Wyllie-Echeverria 1996 , Bull et al. 2004 , Ralph et al. 2006 , and understanding patterns and sources of variation in adult reproduction and seedling recruitment is critically important to ongoing conservation and management efforts (Orth et al. 2000 , 2006a ,b, Duarte 2002 .
The relatively short stature, simple architecture and shallow depths characteristic of seagrasses, combined with visible flowers, fruits and seedlings, allow for tractable demographic studies on adult reproduction and seedling establishment in seagrasses (Blanchette et al. 1999 , Ackerman 2006 , Orth et al. 2006a , Shelton 2008 . Nonetheless, our knowledge of seed dispersal in seagrasses, a process that can potentially decouple the link between reproductive output of a local adult population and recruitment of young, is far from complete. Conventional wisdom is that the distance over which seagrass seeds freely disperse is limited to a few to 10s of m for most species due to morphological adaptations (i.e. negative buoyancy, barbs or bristles for attachment) of seeds that promote their retention (Blanchette et al. 1999 , Orth et al. 2006a ). However, mature reproductive shoots of many of these species float upon becoming dislodged and they, along with the viable seeds that they contain, are capable of dispersing 10s to 100s of km (Orth et al. 2006a) . Clearly, the relative importance of long-distance dispersal vs. seed retention within local populations will affect the strength of the relationship between adult reproductive output and local recruitment.
The surfgrasses Phyllospadix spp. are among the most productive seagrass systems yet studied (RamirezGarcia et al. 1998) . They are unique among seagrasses in that they have specially adapted adventitious roots that enable them to grow on rocks in wave-swept areas (Cooper & McRoy 1988 , Phillips & Menez 1988 . P. torreyi is an abundant surfgrass that occurs in dense, persistent stands in the rocky intertidal and shallow subtidal zones of exposed shores along the Pacific coast of North America (Dudley 1893 , Phillips 1979 , Williams 1995 . The species is characterized by long, slender shoots that emerge from creeping rhizomes that are solidly attached to rocky substrates by branching root hairs. Plants are dioecious perennials and both sexes produce long, branched reproductive shoots supporting sexually dimorphic spikes of flowers termed spadices. The non-fleshy fruit produced by the female contains a single seed (Dudley 1893 ) whose endocarp forms 2 armsF with stiff, barbed bristles that function in attachment (Gibbs 1902 , Turner 1983 , Blanchette et al. 1999 . Upon dehiscence, the negatively buoyant fruit drifts along the bottom until the barbed arms become entangled with a host alga or a conspecific plant. Seed germination and seedling establishment typically occur at the site of the host.
Based on the morphological characteristics of the dispersive fruit of Phyllospadix torreyi, we hypothesized that dispersal distances would be short and that flowering, seed supply and seedling recruitment would be positively correlated in years with favorable growing conditions. To test this hypothesis we measured these processes at 5 sites near Santa Barbara, California, over a 5 yr period that coincidentally encompassed one of the strongest El Niño events on record. Our objectives were to determine: (1) spatial and temporal patterns of flowering phenology, seed production, seed supply and seedling recruitment; (2) the degree of variation in seed supply explained by seed production; (3) the amount of variation in seedling recruitment explained by seed production and seed supply; and (4) the extent to which these relationships varied among sites and years.
MATERIALS AND METHODS
Study sites. We followed patterns of surfgrass flowering, seed supply and seedling recruitment at 5 sites along a 58 km stretch of the mainland coast of the Santa Barbara Channel. The coastline in this region is aligned in an east -west orientation and all 5 study sites are moderately exposed to west and northwest swells that are typical of winter. The Channel Islands form the southern border of the Santa Barbara Channel and protect the mainland coast from south swells, which typically occur in the summer. While sea surface temperature can vary greatly throughout the Santa Barbara Channel ) the difference in temperature among the 5 study sites at any one point in time is typically <1°C (Santa Barbara Coastal Long Term Ecological Research project, http://sbc.lternet. edu). We used sea surface temperature data from NOAA buoy 46054 in the western Santa Barbara Channel to characterize interannual variability in ocean temperature and nutrients in the study region.
Temperature and nitrate are inversely correlated in the Santa Barbara Channel and elsewhere in California (Jackson 1977 , Zimmerman & Kremer 1984 , McPheeShaw et al. 2007 ).
In the Santa Barbara region, Phyllospadix torreyi covers rocky benches and boulders that occur in discrete patches from the low intertidal zone into the subtidal to depths of about 4 m (Holbrook et al. 2000) , which is typical for the genus throughout its distribution in the NE Pacific (Phillips 1979) . All 5 study sites -from west to east, Alegria (34°28' 08'' N, 120°16' 20'' W), Devereux (34°22' 23' 'N, 119°52' 40'' W), Hendry's (34°24' 12'' N, 119°44' 51'' W), Mohawk (34°23' 38''' N, 119°43' 45'' W) and Shoreline (34°23' 45'' N, 119°42' 26'' W) -contained extensive (100s of m 2 ) beds of P. torreyi, and all surfgrass data were collected within a 50 × 50 m area at each site. Studies at Alegria, Devereux, Hendry's and Shoreline were conducted in the low intertidal zone (0 to -0.4 m mean lower low water, MLLW). Data from Mohawk were collected in the shallow subtidal (-2 to -4 m MLLW) where a companion study on seedling restoration was being conducted (Bull et al. 2004) .
Density and phenology of flowers. Data on the density and reproductive state of flowers were collected monthly from June 1996 to July 1997 and from June 1998 to February 2000. At each site we counted the number of male and female spadices in 10 permanent 1 m 2 quadrats interspersed among surfgrass-covered rocky substrates distributed throughout the 50 × 50 m sampling area. Distances between adjacent quadrats varied with the distribution of rock, but in all cases were at least 4 m. We examined among-site differences in the timing of female floral development by classifying the reproductive condition of each female spadix into 1 of 5 flowering states according to the majority of flowers in the spadix: (1) bud (developing spadix with no visible flowers), (2) flower (unpollinated flower with stigmas extended), (3) fruit (fertilized ovules with developing seeds), (4) aborted (small abnormal fruit showing signs of atrophy) or (5) dehisced (senescent spadix with released fruit). The effects of site and year on the proportion of female spadices in the aborted and dehisced states were tested using fixed 2-factor ANOVAs.
To determine whether the spadix was an appropriate unit for assessing variation in the density and phenology of female flowers, we counted the number and recorded the reproductive state of each flower in the spadices of 10 female flowering shoots haphazardly collected from each site on 5 dates in 1998 that spanned the flowering season (July to November). We used separate single factor ANOVAs to test whether the number of flowers per spadix, and the proportion of flowers within a spadix that were in the same reproductive state, varied among sites using sampling date as replicates.
Seed supply. We deployed traps in the surfgrass zone at the 5 sites from January 1996 through February 2000 to assess patterns of abundance of dehisced fruits (hereafter referred to as seeds following common usage for Phyllospadix). Each trap consisted of 2 pieces of 30 × 30 cm polyester mesh fastened together at their centers with a nylon cable tie bolted to the substrate along the permanent transects at each of the 5 study sites (N = 10 traps per site). The 2 pieces of fabric had different mesh sizes to accommodate the slight variability in seed size: 1.7 mm diameter polyester stretch mesh with round openings (polyester netting #9622, Research Nets) and 1.0 mm diameter mesh with square openings (nylon netting Delta 1004A, Memphis Net and Twine). The fabric diameter of the mesh and overall size of the trap were similar to branched algae known to facilitate seed attachment, and laboratory tests in an oscillating flow tank revealed that seeds attached to the mesh traps at rates similar to those recorded for many common host algae (Blanchette et al. 1999) . Traps were retrieved after 1 mo in the field and empty traps were re-deployed at the same locations. Using this approach we obtained estimates of the number of seeds entrapped by a typical host alga (as represented by each trap) at 10 fixed locations per site each month over a continuous 50 mo period. We used a single factor ANOVA to test overall differences in seed supply among sites using sampling dates as replicates and the mean number of seeds caught per trap per day as the response variable.
Seedling establishment. Because surfgrass seedlings recruit almost exclusively to branching algae as well as the rhizomes and senescent leaves of adult surfgrass (Blanchette et al. 1999) , we restricted our surveys of seedlings to areas where these host species were abundant. We estimated the densities of recently germinated seedlings at each site by searching for them in 30 × 30 cm quadrats. To maximize sampling interspersion and minimize sampling bias we located areas where the dominant vegetation cover consisted of species known to facilitate the recruitment of surfgrass seedlings (e.g. the branching red algae Bossiella orbigniana, Chondracanthus canaliculatus, Corallina chilensis, Corallina vancouveriensis, Endocladia muricata, Gelidium purpurascens and senescent surfgrass; Blanchette et al. 1999) and haphazardly tossed the quadrats in the patches containing the desired vegetation. Care was taken to sample the different species of the facilitator vegetation according to their relative abundance at each site in order to adequately characterize seedling density at each site.
Data on annual patterns of seedling density were collected from 1997 to 2000 at all 5 sites during winter after the flowering season, when seedlings are most abundant (Blanchette et al. 1999 ). On each sampling date, the percent cover of each species of algae and the rhizomes and senescent leaves of surfgrass were estimated visually in each quadrat and the number of seedlings was counted. These data on seedling density were standardized to the combined coverage of all host species within each quadrat and used in simple linear regressions to examine various relationships among the abundances of flowers, seeds and seedlings.
RESULTS
Similar to previous reports (e.g. Dudley 1893, Williams 1995), we observed a strong female bias in flowering at our study sites (Fig. 1) . Male flowers were common only at one site (Devereux) on one occasion (late August 1996), when they accounted for 49% of all spadices observed at the site (Fig. 1a) . Male flowers were rare or absent at all other times during our study (Fig. 1a) . In fact, male reproductive shoots were never observed in study plots at Shoreline or Mohawk and only one male reproductive shoot was ever observed at Alegria.
Unlike males, flowering by females was common in study plots at all of our sites (Fig. 1b) . We observed the vast majority of female flowers between early summer and early winter during each of the 3 years studied. In general, female spadices first appeared in June, reached peak abundance in September and largely disappeared by January, with a few persisting until February at some sites in some years. The density of female spadices differed significantly among sites (F 4,186 = 10.15, p < 0.0001), as the overall abundance of flowers was highest at Alegria, lowest at Mohawk (the lone subtidal site) and intermediate at Devereux, Hendry's and Shoreline (Ryan-Einot-Gabriel-Welsch multiple-range test, α = 0.05).
The number of flowers per female spadix was similar among sites (F 4,22 = 1.12, p = 0.3709) with an overall average of approximately 10 (Fig. 2a) . Importantly, the percentage of flowers within a given female spadix that were in the same reproductive state was similarly high (i.e. > 90%) at all sites (F 4,22 = 0.38, p = 0.8177) (Fig. 2b) . Taken together, these results show that our data on spadix abundance and condition provided an accurate estimate of the density and reproductive state of female flowers at our sites during the period of study.
Flowering phenology tended to vary more among years than among sites (Fig. 3) . In 1996 the majority of female spadices were in a state of dehiscence by October at 4 of the 5 sites, whereas in 1999 dehiscence was mostly delayed at all sites until November and December (Fig. 3) . The proportion of spadices in a dehisced (Fig. 4a,b) . The most striking difference occurred in 1998, when most fruits failed to mature and dehisce and high levels of aborted fruits were observed. On average, rates of abortion were 6 times higher in 1998 compared to 1996, and nearly twice as high as in 1999 (F 2,59 = 6.14, p = 0.0038) (Fig. 4c) . That the prevalence of aborted fruits did not differ significantly among sites (F 4,59 = 0.45, p = 0.7701, Fig. 4d ) irrespective of year (site × year interaction: F 8,59 = 0.51, p = 0.841) suggests that regional changes in environmental conditions led to the observed interannual differences in flowering phenology and fruit production. Sea surface temperature data from the west Santa Barbara Channel support this contention, as temperatures were as much as 2 to 4°C higher in 1997 and 1998 than the 13 yr mean recorded between 1994 and 2006 (Fig. 5) . Patterns of seed supply were generally similar to those observed for flowers with some notable differences. As observed for the density of female spadices, the mean number of seeds caught per trap peaked in autumn (September to December) and differed significantly among sites (F 4,263 = 5.79, p = 0.0002) (Fig. 6) Shoreline (Ryan-Einot-Gabriel-Welsch multiple-range test, α = 0.05). Very few seeds were caught at any site during the autumn of 1998, which is when fruits failed to develop in most spadices (Figs. 3 & 4) . Interestingly, noticeable numbers of seeds were caught in traps placed at Alegria, Hendry's and Shoreline during April 1997 with lesser (but nonetheless non-zero) numbers caught during other months of the spring (Fig. 6 ) when female flowers were not observed (Fig. 1) . The mean number of seeds caught per trap during a given month was positively related to the density of female spadices at that site at the beginning of the month, but the relationship was highly variable and only explained ~7% of the variation in the number of seeds caught per trap (r 2 = 0.072, p = 0.0018) (Fig. 7a) . The density of dehisced female spadices at a site was a better predictor of seed supply, as it explained nearly 41% of the variation in the mean number of seeds caught per trap (r 2 = 0.408, p < 0.0001) (Fig. 7b) . This relationship was influenced greatly by 2 sampling dates at Alegria in the autumn of 1996 when the density of female spadices was very high (r 2 = 0.15 when these 2 points are omitted from the regression). Furthermore, there were many instances when substantial numbers of seeds were caught in traps where the local density of female spadices was low, irrespective of their reproductive state.
The winter density of seedlings varied substantially among sites and years (Fig. 8) . Most notable was the absence of seedlings at all sites in the winter of 1999 following the widespread failure of fruiting in fall 1998 (see Fig. 3 ). Also noteworthy was the fact that seedlings were never observed at Mohawk during the entire study. Overall, the summertime densities of female spadices at a site explained more than 60% of the variation in the density of seedlings that recruited to the site in the following winter (r 2 = 0.611, p < 0.0001) (Fig. 9a) . When examined over all 4 years, there was no relationship between the total number of seeds caught per trap during the flowering season (July to December) and the density of seedlings during the following winter (January to February of the subsequent year; r 2 = 0.076, p = 0.239) (Fig. 9b) . This resulted primarily from the 1997 flowering season, when seedling density at all sites in winter 1998 was low despite wide variation in the number of seeds caught per trap during fall 1997. The relationship between seedling density and the number of seeds caught per trap became highly significant (r 2 = 0.577, p < 0.0001) when data from the 1997 flowering season were omitted from the regression analysis, suggesting that seed supply was a good predictor of seedling recruitment in 3 of the 4 years studied. 
DISCUSSION
We found that female flower density, seed supply and seedling recruitment in surfgrass varied considerably in time and space as did the dependency of these variables on one another. Previous work has shown that the density of attached seeds and seedlings of the genus Phyllospadix were strongly dependent on the abundance and morphology of the host algae to which they attached (Turner 1983 , Blanchette et al. 1999 . In the present study we accounted for this variation in host algae by using standardized traps to quantify seed supply and by normalizing seedling recruitment to the abundance of algae known to facilitate their attachment. In doing so, we found that the number of seeds caught per trap and the density of seedlings at a given site were dependent to varying degrees on the density of female flowers at that site. One notable exception was the paucity of trapped seeds and the complete absence of seedlings in our subtidal surveys at Mohawk despite an abundance of flowers. The specific reasons for this absence are not known, but may reflect lower survivorship of seedlings there compared to the other 4 intertidal sites. Evidence for this comes from Bull et al. (2004) , who found the survivorship of transplanted seedlings to be lower in the subtidal at Mohawk compared to a nearby intertidal site.
Our observed departures from positive associations among surfgrass flowers, seeds and seedlings likely reflected changes in environmental conditions between summer/fall, when pollination occurs and fruits are provisioned, and the following winter, when seedlings first appear. Such was found to be the case for 4 out of 5 species of oaks in central coastal California, where variation in weather during floral and seed development explained up to 78% of the variation in acorn crop size (Koenig et al. 1996) . In the present study, the absence of surfgrass seedlings in winter 1999 can be traced to the pervasive failure of fruits to mature in fall 1998 when high levels of aborted fruits were observed. This coincided with one of the strongest El Niño events on record (Wolter & Timlin 1998) . Anomalous ocean conditions characterized by high temperature, low salinity, low nutrients and large waves were reported in 1997 and 1998 for the entire west coast of North America, including the Santa Barbara area (Allan & Komar 2002 , Chavez et al. 2002a ). These conditions have been linked to observed large declines in phytoplankton and macroalgal biomass and overall ocean productivity during that period (Chavez et al. 2002b , Shipe et al. 2002 , Edwards 2004 , and likely had similar adverse effects on the maturation of fruits and the survival of seedlings in surfgrass. We do not know which specific environmental factors led to the reproductive failures that we observed in surfgrass during the 1997-1998 El Niño. In addition to the anomalous ocean conditions noted above, abnormal atmospheric conditions (e.g. increased frequency of low clouds and precipitation) were reported in California during 1998 and were linked to changes in air temperature, humidity and radiation (McPhaden 1999 , Cess et al. 2001 . Such changes could also have influenced surfgrass reproduction, seed provisioning and seedling survival, especially in intertidal habitats during afternoon low tides when surfgrass is most susceptible to inclement weather conditions. Interestingly, Knapp et al. (2001) observed a similar near complete failure in acorn production by blue oaks in 1998 at an inland site in central California. Although these authors did not reference El Niño, they attributed the lack of acorn production to anomalous multi-day dry spells that occurred during the pollination period in spring of 1998.
A somewhat surprising result from the present study was the occasional deposition of seeds during spring, when female flowers were locally rare or absent. While we did not witness flowering during spring at our sites, its occurrence has been reported in both sexes throughout the year elsewhere, albeit at much lower levels (Stewart 1989 , Williams 1995 . The dispersal of seeds produced from springtime flowering at neighboring sites may have been sufficient to explain the aseasonal patterns in seed supply that we observed. Mechanisms of extended dispersal have not been examined in surfgrass, but likely involve the transport of detached reproductive shoots and/or spadices. Surfgrass seeds germinate readily upon dehiscence (Reed et al. 1998) , and the stiff, inwardly pointed barbs on the winged fruit cause them to readily attach and firmly adhere to a number of commonly occurring species of marine vegetation (Blanchette et al. 1999) . These traits make it seem unlikely that extended seed dispersal in surfgrass routinely occurs via the transport of settled seeds that become dislodged and re-establish at neighboring sites. A more feasible explanation for our observations of seed deposition in the absence of locally abundant flowers is the transport of intact reproductive shoots and spadices that become dislodged and set adrift.
Numerous studies have found that seed production in many species of wind pollinated trees is often greatest in years when the local production of male flowers is high (Knapp et al. 2001 and references therein). These empirical observations, coupled with genetic analyses and theoretical models of pollen movement (Satake & Iwasa 2002 , Sork et al. 2002 , have led to suggestions that pollen limitation may play a much greater role in causing highly variable seed production in wind-pollinated trees (Koenig & Ashley 2003) . Similar arguments may pertain to submarine pollination in seagrasses (reviewed in Ackerman 2006) and surfgrass Seeds caught (mean no. trap -1 season -1 ) Fig. 9 . Phyllospadix torreyi. The relationship between the density of seedlings in winter (standardized to host abundance) and (a) the mean density of female spadices the preceding summer and (b) the mean number of seeds caught per trap over the entire flowering season (the preceding July through December)
in particular (Shelton 2008) . Nonetheless, it is unlikely that pollen limitation arising from variation in the local production of male flowers contributed to the high variability that we observed in the production of surfgrass seeds and seedlings. Male flowers were rare at all of our sites in all years except at Devereux in 1996, yet the abundance of seeds and seedlings varied substantially among sites and years. Our observations of high seed production at sites where males were rare or absent suggest that pollen dispersal in surfgrass may routinely occur over distances greater than the scale of our study sites (i.e. > 50 m), which would be substantially greater than that reported by Ruckelshaus (1996) for the seagrass Zostera marina. Much like seed dispersal, pollination in seagrasses is not necessarily confined to securely attached plants, as drifting reproductive shoots could similarly extend pollination distances in surfgrass. Additional studies are needed to determine the importance of this mechanism in accounting for the puzzling pattern of high seed set by surfgrass in the near or complete absence of nearby flowering male plants. In summary, our results suggest that the production of seeds and seedlings in Phyllospadix torreyi is dependent on the local density of female flowers during years when growing conditions are favorable. Anomalous weather conditions during the periods of seed provisioning and seedling recruitment (such as those that occurred during the 1998 El Niño) can adversely affect seed production and seedling survival, and severely disrupt the coupling between adult reproduction and juvenile recruitment. The common occurrence of an abundant supply of seeds at sites when local seed production was relatively low suggests that seed dispersal in P. torreyi is not restricted to the immediate vicinity of the parental source. Such extended dispersal, which is known to occur in other species of seagrass (Orth et al. 2006a ), likely acts to weaken the correlation between adult reproduction and local recruitment in surfgrass, which could reduce its susceptibility to some of the adverse effects of population fragmentation caused by a variety of human activities and natural disturbances (Koenig & Ashley 2003) . A more comprehensive understanding of the patterns and mechanisms of pollen and seed dispersal are needed to determine the spatial scales of fragmentation that lead to reduced reproductive success in surfgrass populations. 
